Introduction
In a continuous casting process, the submerged entry nozzle (SEN) and mold flux in mold are important conditions to ensure slab quality, with metallurgical functions that include heat insulation, air isolation, absorption of nonmetallic inclusions, and others. 1) To prevent a clogged nozzle, argon is often blown in a tundish nozzle during the production process. The argon bubble entering the mold can induce uniform composition and temperature of the molten steel, promote the floating of inclusions, purify molten steel, and improve the melting behavior of the mold slag. [2] [3] [4] [5] [6] [7] When argon bubble floating in molten steel enters the liquid mold slag, the liquid mold slag will be emulsified, and it's properties will be changed inevitably; thereby, the lubrication and heat transfer of the mold flux also will be affected. 8, 9) Therefore, optimization of heat transfer and fluidity of liquid mold slag by argon bubbles are key factors to improve the slab quality.
Researchers have conducted many studies on mold flux, with some focusing on the melting behavior of mold slag under different manufacturing processes and composi-
Mathematical Modeling of Flow and Heat Transfer Behavior of Liquid Slag in Continuous Casting Mold with Argon Blowing
Changgui CHENG, 1,2) * Haibiao LU, 1, 2) Yang LI, 1, 2) Xufeng QING 1, 2) and Yan JIN 1, 2) 1) The State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology, Wuhan, 430081 China.
2) Hubei Provincial Key Laboratory for New Processes of Ironmaking and Steelmaking, Wuhan University of Science and Technology, Wuhan, 430081 China.
(Received on December 19, 2018 ; accepted on February 21, 2019 ; J-STAGE Advance published date: April 18, 2019) The bubbles generated by argon blowing in a nozzle have important effects on the flow and heat transfer behavior of mold slag. To determine the effect of argon blowing on the flow and heat transfer behavior of liquid slag in the mold, we developed three-dimensional mathematical models coupled the volume of fluid and discrete phase models. The results showed a small circulation flow of liquid mold slag occurred near the nozzle side face and the mold narrow face respectively at the center plane between the mold wide faces. Additionally, we identified a larger circulation of liquid mold slag in the middle region of the mold. With increased argon flow rate, the flow velocity peak at the liquid steel and slag interface decreased, the temperature of the liquid mold slag increased. A moderate flow rate of argon improved the uniformity of flow velocity and temperature distribution of liquid slag and reduced the flow velocity peak at the interface of the liquid steel and slag. To avoid the solidification of liquid steel at the steel-slag interface near the mold face, moderately high casting speed and argon flow rate and larger inclination angle and immersion depth of the submerged entry nozzle may be beneficial. These results provide a theoretical basis to optimize the parameters of the argon blowing process and improve slab quality.
KEY WORDS: continuous casting; liquid mold flux; argon blowing; flow and heat transfer behavior; mathematical modeling.
tions of mold flux. Examples include the optimization of fluorine-free mold flux component, 10, 11) and others. [12] [13] [14] Using numerical simulation methods, flow and heat transfer behavior of mold flux have been investigated, although most research has focused on the slag film between the slab and the mold; [15] [16] [17] [18] [19] little attention has been given to the flow and heat transfer behavior of liquid slag on the liquid steel in mold. Mcdavid et al. 20) established a threedimensional steady-state coupled liquid slag flow and heat transfer mathematical model, and results demonstrated a large recirculation zone in the liquid slag, the consumption of liquid slag had little effect on the flow pattern of the liquid slag, and lower slag viscosity increased the selfcirculation velocity of slag and heat transfer property of the liquid slag. Macias et al. 21) established a three-dimensional mathematical model of molten steel flow and liquid slag flow in thin slab continuous casting, respectively. The results demonstrated that the thickness of the liquid slag increased with increased casting speed, which was related to the enhanced heat transfer between the steel slags, while ignoring the liquid slag consumption. Zhou et al. 22) used the finite element method to study the temperature, flow, and crystallization properties of the mold flux, and they concluded that the temperature in the center of the mold flux dropped significantly, and the liquid slag was derived from the mold narrow face to the vicinity of SEN by the Marangoni force and natural convection effect, forming greater circulation.
These previous studies have been key to understand the mechanisms of melting and heat transfer of the mold flux. They have not, however, coupled the molten steel and the liquid mold slag, also, their studies failed to consider the effect of argon bubbles on the heat transfer and flow of the slag. Orrling et al. 23) studied the bubble generated via carbon oxidization in the mold flux, which induced a different state than the floating and escape behavior of argon bubbles through the liquid slag layer.
The bubbles generated by argon blowing escape the mold through the liquid slag layer, the sintered layer, and the powder layer, which caused liquid slag to emulsify, affecting the viscosity and fluidity of the liquid slag and the heat transfer behavior, which may cause slag entrapment or some surface problems. 24) To solve these problems, we established a three-dimensional mathematical model for the flow and heat transfer of molten steel and liquid slag in mold with argon blowing. The volume of fluid and discrete phase models were used in this study. These results provide a theoretical and technical basis to optimize the parameters of argon blowing processes and improve the quality of continuous casting slab.
Model Description

Governing Equations
The flow of the molten steel and mold slag in the mold was a three-dimensional transient incompressible flow and mass transfer process, and thus it satisfied the physical laws of mass, momentum, and energy conservation. We used the following continuity, momentum, energy, and solidification equations:
Continuity equation: Where u i , and u j are the velocity vector, m/s; t is the time, s; x is the coordinate corresponding to direction i or j (i, j = x, y, or z), m; p is the pressure, Pa; ρ is the fluid density, kg/ m 3 ; g is the gravitational acceleration, m/s 2 ; F g is a momentum source term, 3) which accounts for the presence of argon bubbles, N/m 3 ; S m is a momentum source term related to the influence of mushy zone on fluid flow velocities, N/m 3 ; and μ eff is the effective viscosity, Pa·s, namely: Where μ 0 is the molecular viscosity, Pa·s; μ t is the turbulent viscosity, Pa·s; C μ is the specific heat of fluid, J/(kg·K); κ is the turbulent kinetic energy, m 2 /s 2 ; and ε is the turbulent dissipation rate, m 2 /s 3 .
The standard κ-ε turbulence model is used to simulate turbulence.
Energy equation:
Where k eff is the effective thermal conductivity, W/(m·K); H is the enthalpy, J/kg; and T is the temperature, K.
We used the enthalpy-porous model to treat the solidification heat transfer process of molten steel. The liquid-solid mushy zone is treated as a porous zone with a porosity equal to the liquid fraction. The momentum source term (S m ) was given as follows: 25 )
Where D m is a model constant, which depends on the morphology of porous media; e is a small number (0.001) to prevent division by zero; f l is the liquid volume fraction in mushy zone; and u c is the casting speed, m/s.
We used the VOF function model to describe the fluctuation behavior of the steel slag interface in the mold. The density of the molten steel and the mold slag was treated as a homogeneous medium, which is expressed by Eq. (6):
Where μ i is the viscosity of the molten steel, Pa·s; and F 1 is the volume fraction of the molten steel in the mold, where F 1 = 0 indicates liquid slag, 0 < F 1 < 1 indicates steel slag interface, and F 1 = 1 means molten steel.
The trajectory of the argon bubble in the mold was solved by the force balance equation in the Lagrangian discrete model: 26) Where u g is the bubble velocity, m/s; μ is the molecular viscosity of the fluid, Pa·s; ρ g is the argon density, in kg/m 3 ; d g is the bubble diameter, m; Re g is the relative Reynolds number of bubbles; and C D is the drag coefficient.
In Eq. (7), d g adopts a Rosin-Rammler distribution, and the different bubble size ranges were divided into discrete size groups as shown in Eq. (8):
Where Y d is the mass fraction with bubble diameter greater than d g ; d̅ is the average diameter of the bubbles, m; and n is the distribution index.
Boundary Condition and Solution Method
In production, the thickness of the liquid mold slag was approximately 10-20 mm, and in this paper, we assumed that it was 15 mm. Considering the symmetry of the molten steel flow field in the simulation calculation, we established a mathematical model of the 1/2 mold. The model mesh type was a hexahedral structure mesh, the grid was encrypted in special regions and grid-independent verification was performed. The number of grids was approximately 1.5 million, and the effective height of the mold was 800 mm. Considering the influence of reflow of molten steel on the flow field of molten steel in the upper mold, we extended the mold model to 1 500 mm, as shown in Fig. 1 . The process conditions and physical properties of the numerical simulation are given in Tables 1 and 2. The composition of Q235 steel is given in Table 3 .
The boundary conditions of the mathematical model are given as follows:
(1) The inlet velocity of SEN was calculated based on the mass conservation, and turbulent kinetic energy and the energy dissipation rate were estimated by the equations, 27) the casting temperature was set as 1 815 K.
(2) The outlet boundary in the mold bottom was a free outlet.
(3) The mold wall was treated with the nonslip boundary condition and the heat flux in the mold wall was programmed using a user-defined function.
(4) The top surface of the liquid slag layer was treated as free-slipped boundary condition; the temperature was set as the liquidus temperature of the mold flux, 1 486 K; and the wall of the liquid slag domain was adiabatic. The mold flux was conducted using the Arrhenius expression, and the viscosity was temperature dependent. 28) (5) When argon was blown using the discrete phase model, argon bubbles were blown from the immersion nozzle. The mold inlet, outlet, and mold level were set to the escape condition, and the mold wall was set to reflect the boundary condition.
To analyze the flow and heat transfer behavior of the liquid slag, 7.5 mm from the initial steel-slag interface was defined as the ideal half-height of the liquid slag, and 1 mm beneath the top surface of liquid flux was defined as the near-top surface of the liquid mold slag.
Water Model
Because the flow of the molten steel and the mold flux in the mold is mainly affected by the inertia force, the gravity, the surface tension and the viscous force, the Froude number (Fr) and the Weber number (We) of the water model should be equal to those used in the mold prototype to ensure the flow behavior in model is similar to that in prototype. Therefore, a water model of mold was established with the similarity ratio of 1:0.6. The mold and SEN were made of plexiglass, the molten steel was simulated by water, and the liquid slag was simulated by silicone oil in this paper. The schematic of experiment is shown in Fig. 2 .
The high-speed camera and the Hot-Shot Link software were used to analyze the flow of liquid slag, and the distribution of argon bubble in liquid steel/slag interface in the mold under different process parameters. The number of argon bubble, maximum, minimum and average diameter of the bubbles in mold were measured and used in the mathematical model. Then the Rosin-Rammler distribution of argon bubbles under different process can be gained for mathematical modelling. The effects of argon flow rate and casting speed on mass fraction of argon bubble at the interface of liquid steel and slag are shown in Fig. 3. 
Results and Discussion
Typical Flow and Heat Transfer Behavior of the Liquid Steel and Mold Slag
When the casting speed was controlled to be 1.2 m/min, the inclination angle of the SEN was 15°, and the submergence depth of the SEN was 160 mm, we evaluated the velocity vector plots of liquid mold flux and local upper reflow of liquid steel at the center plane between mold wide faces with argon blowing of 4 L/min and without argon blowing, as shown in Figs. 4 and 5 . Under the same conditions, the flow behavior at the upper surface of the liquid mold slag is shown in Fig. 6 .
From Fig. 4 , without argon flow, there was a large circulating flow in the liquid mold slag area at the center plane between mold wide faces. A small circulating flow of liquid slag appeared near the mold narrow face. The liquid slag circulation near the SEN was not significant where the entire liquid slag flowed toward the nozzle, and the flow velocity was smaller. Figure 6 shows that the partial liquid slag flowed toward the narrow side of the mold along the wide centerline of mold, and the other liquid slag flowed toward the SEN. When the liquid mold slag reached the vicinity of the nozzle, the liquid slag flowed to the wide side of the mold and then flowed toward the narrow side of the mold along the wide face. This flow behavior was consistent with production behavior, in which case more mold slag should be added near the SEN and less slag should be added near the narrow side of the mold. From Fig. 5 , when argon flow was adopted, the flow behavior of liquid slag at the center plane between mold wide faces was nearly similar to that without argon flow. However, the flow of liquid slag in the vicinity of nozzle was clearly active, and the flow direction of local small circulation was opposite that of the larger circulation of liquid slag in the middle area of mold. At the same time, the reflow strength of the molten steel near the narrow face of the mold was weakened and the area was increased upon argon flow. Then, the liquid slag circulation area near the narrow face of the mold increased, and the flow velocity of liquid slag decreased. This flow behavior is similar with that in the mold water model of 1:0.6 scale under the same process condition, which is shown in Fig. 7 .
With and without argon blowing, the temperature distribution at the different level of the liquid slag are shown in Fig. 8 . Figure 8 demonstrates the temperature of the liquid slag slowly decreased from the liquid steel and slag interface to the ideal half-height of the liquid slag, and then it drasti- cally decreased from the ideal half-height of the liquid slag to the near-top surface of the liquid slag. The argon flow induced more uniform liquid mold slag distributions along the mold width direction, and the upper reflow of liquid steel was lift. And then, the stroke of the molten steel reaching the steel slag interface became shorter, the heat dissipation was reduced, and the overall temperature of the liquid mold slag increased, which was beneficial to the melting of the mold slag. flow of liquid slag the when the argon blowing was not adopted, which can been seen from Fig. 6(a) . The middle peak corresponded to a large circulation area of liquid slag, and the right peak was located in the small circulation near the narrow face of the mold. In this area, the liquid slag temperature was significantly reduced, which was related to the liquid slag close to the upper surface of the liquid slag.
Effect of Argon Flow Rate on Flow Behavior and Temperature of Liquid Slag
Heat was transmitted continuously to the upper sintering layer of mold slag.
With increased argon flow rate, the flow velocity peak at the liquid steel and slag interface in the impact zone of liquid steel upper reflow on the liquid slag decreased, the flow velocity at the liquid steel and slag interface near the nozzle significantly increased, and that near the top surface of the liquid slag also increased. The difference of flow velocity at the steel-slag interface along the width direction of the mold could be improved by the argon blowing. The temperatures at the interface of the liquid steel and slag, and at the neartop surface of the liquid slag also increased with increasing argon flow rate. The lift effect of liquid steel increased with floating argon bubbles, and the impact strength of the molten steel upper reflow on the narrow face of the mold weak with the high argon flow rates indicated that more heat was transferred to the mold slag.
Effect of Casting Speed on Flow Behavior and
Temperature of Liquid Mold Slag Figures 11 and 12 demonstrate the flow velocity and temperature distribution of liquid mold flux at the center plane between wide faces on the different height of liquid mold slag. The parameters were argon flow rate of 4 L/min; nozzle inclination angle of 15°; nozzle immersion depth of 160 mm; and casting speed of 1.0, 1.2, and 1.4 m/min.
With increased casting speed, Fig. 11 shows that the flow velocity at the steel-slag interface gradually increased near the impact zone of the liquid steel upper reflow on the mold flux and the narrow face of the mold, decreased slightly near the SEN without argon flow, and decreased significantly near the SEN with argon flow. When the casting speed was 1.4 m/min, the maximum flow velocity at the interface of the liquid steel and slag was 0.143 m/s without argon flow, whereas it decreased to 0.132 m/s when the argon flow rate was 4 L/min. The flow velocity near the upper surface of the liquid slag increased with increased casting speed. When the casting speed was small, the flow velocity of the molten steel at the SEN outlet was small, and more argon bubbles floated near the SEN side hole, such that the flow velocity of the bubble entering the liquid mold slag was greater. When the casting speed was larger, the shearing strength of the molten steel acting on the argon bubble was enhanced under argon flow, and then more small argon bubbles were formed, which were carried easily to the narrow face of the mold so that the number of floating argon bubbles decreased near the nozzle. Therefore, the impact strength of the liquid steel on the liquid slag was weakened, and the flow velocity of liquid slag was low. Near the impact zone of liquid steel upper reflow on the mold flux and the narrow face of the mold, the speed at which the molten steel reached the interface of the steel and slag was relatively large, because of the strong upper reflow stream with high casting speed, thus, the liquid slag speed was higher. With increased casting speed, Fig. 12 that the liquid slag temperature at the impact area of the liquid steel on the liquid slag and near the narrow face of mold increased. When argon flow was absent, the temperature of the liquid slag near the nozzle increased as the casting speed increased. Under argon flow, the temperature of the liquid slag near the nozzle decreased with increasing casting speed. The high casting speed inevitably enforced the role of liquid steel reflow impact on the liquid slag, and the high temperature zone in the mold moved up. Then, the temperature of the liquid slag increased accordingly. Without argon flow, the temperature of the liquid slag increased slightly for the upper reflow of liquid steel. With argon flow, more argon bubbles were located away from the nozzle area at high casting speeds, and the activity of the molten steel and liquid slag in the nozzle area was weakened; thus, heat transfer to the liquid slag was reduced.
Effect of Process Parameters on Temperature at
Steel-slag Interface Near the Wide Face of Mold In continuous casting, the flow of liquid steel and slag between the wide face center of mold and the SEN is often inactive, and the temperature at the steel-slag interface near the wide face of the mold is low. When it is lower than the liqidus temperature of casting grade steel, the solidification of liquid steel at the steel-slag interface may occur, which can cause the surface longitudinal crack and sticking breakout of the slab to occur. Figure 13 shows the effects of flow rate or argon on temperature at steel-slag interface near wide face of mold. The minimum temperature at the steel-slag interface near the wide face of the mold decreased from 1 790.63 K to 1 789.55 K when the argon flow rate was increased from 0 L/min to 8 L/min. Considering Figs. 10 and 13 , a high argon flow rate increased the temperature at the steelslag interface near the outlet of the SEN and decreased the temperature at the steel-slag interface in the vicinity between the wide face center of mold and the SEN. With the increase of argon flow rate, the flow of liquid slag at the outlet of the SEN increased, then the temperature at the outlet of the SEN at the center plane between wide faces of mold increased, while, more floating argon bubbles hindered the flow of high-temperature liquid steel toward the vicinity between the wide face center of mold and the SEN under higher argon flow rates, so, the temperature at the vicinity between the wide face center of mold and the SEN decreased. To prevent the solidification of liquid steel, the argon flow rate should not exceed 4 L/min, with a corresponding minimum temperature of 1 790.5 K at the steel-slag interface near the wide face of the mold. When the argon flow rate was 6 L/min, however, the minimum prevented. Therefore, considering the flow and heat transfer behavior of the liquid flux and steel at the steel-slag interface near the mold wide face, the ideal parameters were as follows: casting speed of 1.2 m/min, nozzle inclination of 15°, nozzle immersion depth of 160 mm, and optimal argon flow rate of 4 L/min.
Conclusions
The following conclusions can be drawn from the results of this study:
(1) Small circulation of liquid mold slag occurred near the nozzle side face and mold narrow face at the center plane between the mold wide faces, and large circulation of liquid mold slag occurred in the middle region of the mold.
(2) With increased argon flow rate, the flow velocity peak at the liquid steel and slag interface in the impact zone of liquid steel upper reflow on the liquid slag decreased; the flow velocity at the liquid steel and slag interface near the nozzle significantly increased; and the temperature at the interface of the liquid steel and slag and the near-top surface temperature at the steel-slag interface was 1 790 K, which was close to the liquidus temperature of the steel grade studied in this paper, and solidification of liquid steel may occur at the steel-slag interface. Figure 14 shows the effects of casting speed on temperature at steel-slag interface near wide face of mold. As shown in Fig. 14, when the argon flow rate was 4 L/min, the minimum temperature at the steel-slag interface near the mold wide face increased from 1 788.7 K to 1 790.54 K and the casting speed increased from 1.0 to 1.4 m/min. More large argon bubbles floated near the side face of SEN at lower casting speeds and higher argon flow rates. Excess floating bubbles hindered molten steel reflow toward the vicinity between the wide face of the mold and the SEN, which led to an inactive flow field of liquid steel and slag and lowered temperature. Therefore, to prevent solidification of liquid steel at the steel-slag interface, the casting speed should not be too low when argon is blown during continuous casting. Figures 15 and 16 shows the effects of inclination angle and immersion depth of SEN on temperature at steel-slag interface near wide face of mold. Figures 15 and 16 demonstrate that a smaller inclination angle and immersion depth of SEN may cause a larger temperature difference at the steel-slag interface near the mold wide face, which may cause surface longitudinal cracks on the slab, even if requirements for lubrication and heat transfer of the mold slag film between the slab surface and the inner mold wall are satisfied. Under argon flow, when the immersion depth of the SEN increased from 120 to 200 mm, the minimum temperature at the steel-slag interface near the wide face of the mold increased from 1 790.29 K to 1 790.55 K. When the inclination angle of SEN increased from 12° to 18°, the minimum temperature at the steel-slag interface near the wide face of the mold increased from 1 790.42 K to 1 790.59 K. The diameter of argon bubbles varied slightly when the inclination angle and immersion depth of the nozzle increased, but the argon bubble distribution was more dispersed in the mold, which improved the activity and the temperature of liquid steel at the vicinity between the wide face of the mold and the SEN, and the solidification of liquid steel at the steel-slag interface was of the liquid slag increased.
(3) With increased casting speed, the flow velocity at the steel-slag interface gradually increased near the impact zone of liquid steel upper reflow on the mold flux and the narrow face of the mold, and it decreased significantly near the SEN with argon blowing. The liquid slag temperature at the impact area of the liquid steel on the liquid slag and near the narrow face of mold increased. The temperature of the liquid slag near the nozzle decreased with increased casting speed when argon was blowing.
(4) The high flow rate of argon blowing increased the temperature at the steel-slag interface near the outlet of the SEN, but it also decreased the temperature at the steel-slag interface in the vicinity between the wide face center of the mold and the SEN. The high casting speed was beneficial to increase the minimum temperature at the steel-slag interface near the mold wide face. The high inclination angle and immersion depth of the SEN caused a smaller temperature difference at the steel-slag interface near the mold wide face.
